(Accepted for publication, May 6, 1935) I Since cellular respiratory pigments have characteristic absorption spectra their function within living cells can be studied by optical methods. Thus, Keilin (1925) discovered the wide distribution of one of these pigments, cytochrome, among both plants and animals and obtained evidence of its important r61e in respiration.
Suspensions of bakers' yeast in the absence of 02 usually exhibit four absorption bands of cytochrome at 604, 565, 549, 519 m#. Using the thoracic muscles of bees, Warburg and Negelein (1931) photographed additional absorption bands at 449, 433, and 417 m#. In the presence of 02 no absorption bands are generally seen. For discussions of the different views on the chemical nature of cytochrome components and their position and mode of action in cellular respiration cf. Keilin (1933) ; Tamiya, (1930, 1933); and Warburg (1934) .
After shaking a yeast suspension with oxygen, or after bubbling oxygen through a suspension, an easily measurable period elapses before the absorption bands of reduced cytochrome are seen in the spectroscope. Keilin (1925) called this period of time the "time of reduction of cytochrome;" for convenience we shall refer to it as reduction time. The experiments here reported deal with the relation between reduction time and 02 tension at each of six temperatures in the range of 8 to 25°C.
The results of these experiments are to be considered as preliminary REDUCTION TIME OF CYTOCHROM-E to more accurate determinations of reduction time by a photoelectric method. For any one set of measurements at a single 02 pressure the results are surprisingly reliable when one considers the difficulties involved in making visual judgments of a uniform end-point in the cytochrome reduction process. For the shortest intervals (20 sec.) the average deviation as per cent of the mean was 4.3 per cent; for the longest periods (180 sec.) 0.4 per cent was found. However, for a series of 02 tensions studied in the course of about 10 hours the results occasionally show somewhat greater variation. (Cf. Fig. 1 , where in one series one point deviates from the best representative line by 6.7 per cent; in another series one point is "off" by 9.4 per cent. The majority of the points, however, deviate by less than 2 per cent.) The reliability of the visual judgments is, of course, dependent upon the maintenance of a uniform state of photic sensitivity of the observer during each series of determinations as well as throughout all the series which are to be compared. In these experiments it was found difficult to maintain such a uniform level of photic adaptation throughout an entire daily period of experimentation since the observer was frequently exposed to different levels of illumination whenever the apparatus required his attention. More accurate determinations will be attempted in the future by using photoelectric cells and thermionic amplification.
II
The smallest variation in measurements of the time for the appearance of the absorption band of cytochrome C was obtained when the oxidation of the cytochrome was brought about by vigorously shaking the yeast suspension with the gas mixture. Bubbling the gases through the suspension always gave larger average deviations. The shaking procedure was therefore used in all the experiments.
A i quart thermos flask was converted into a tonometer by closing the mouth of the flask with a rubber stopper bearing an observation tube of 16 ml. capacity (1.7 cm. internal diameter) and 2 glass tubes for admitting the gas mixtures. When the flask was turned upside down the entire observation tube was filled with the test suspension. In making a measurement of reduction time 15.1 ml. of yeast suspension were vigorously shaken with the gas mixture for exactly i minute, the flask was then quickly turned upside down and the observation tube and, about one-third of the thermos flask immersed in water contained in a rectangular museum jar. Water from a thermostat, held to within ±0.1°C., was constantly circulated through the museum jar at a rate of 600 ml. per minute by an air injector device~ A stop-watch was started when the flask reached the downposition and was stopped when the first darkening of the spectrum was discernible at 549 m/~. For these preliminary experiments it was assumed that the amount of O~ diffusing into the suspension from the gas space of the tonometer during the period of observation (3 rain. maximum) was negligibly small. Thus, during determinations of the reduction time the suspension was essentially confined within a dosed space.
Detection of the absorption spectrum was made by aid of a Zeiss microspectroscope. The instnmaent was held rigidly horizontal in a line with the observation tube and the light source. Light from a 100 watt Mazda lamp was passed through an optical system consisting of a condenser lens, a heat falter, an iris diaphragm, and fir~lly through another lens which focused a bright spot of light on the observa. tion tube at a point 2 an. from the bottom. The voltage across the lamp was adjusted at 100 volts before each determination. Sudden changes in voltage were eliminated by running the lamp on direct current from the laboratory accumulators.
A copper shield (7 × 8 an.) was fastened to the observation tube. A hole, 1.5 can. in diameter, wa~ centered at a point 2 cm. from the bottom of the tube. Thus, the same region of the observation tube was illuminated each time by the same total intensity of light. The shield projected 4 cm. from each side and bottom of the tube, thus protecting the observer's eyes from the bright light source.
The slit of the microspectroscope was held open at a constant width for all experiments. The width was permanently fixed in the position at which the observer could just distinguish absorption in the region 549 m/~ when (1) the density of the suspension was 89 c.rnrn, of cells per ml.; (2) the cytochrome was known to be in the fully reduced state; and (3) the voltage across the lamp was set at 100 volts. The light intensity and density of the yeast suspensions were, of course, kept constant throughout all the experiments. Obviously, any alteration in width of the slit changes the value of the reduction time.
O~-N2 mixtures were added to the tonometer from large commercial cylinders--a separate mixture in each of six cylinders. The O2 content of each mixture was determined by the usual gas analysis procedure. 1 The gas mixture was passed through a coil of lead tubing immersed in the thermostat and then into the tonometer through a glass tube extending to within 1 cm. of the bottom. It was found that bypassing 6 liters of gas through the tonometer complete "washing out" of the previous mixture was obtained. For this purpose a football bladder containing 6 liters when fully inflated measured the amount of gas sent through the tonometer. Using this procedure analyses of the composition of the gas mixture in the tonometer agreed to within 0.3 per cent with the analyses of the mixture in the storage tank.
The yeast, Saccharomyces cerevisiae, was obtained through a local dealer from N. V. Nederlandsche Gist-en Spiritusfabriek, Delft, Holland, and was stated by the company to be "nearly a pure culture as far as this can be obtained by production REDUCTION TIME OF CYTOCHROME on a large scale." A fresh lot of the yeast was obtained for each experiment. A stock suspension was made up in ~,/15 phosphate buffer mixture of pH 7.3 and kept in an ice bath at 1-2°C. 1 hour before beginning the measurements of the reduction time a sample was withdrawn and sufficient dextrose to make a 1 per cent solution was added; during this period oxygen was constantly bubbled through the suspension, which was kept in the ice bath. At the end of 1 hour 15.1 ml. of the sample were withdrawn with a calibrated pipette and placed in the tonometer. After 15 minutes had elapsed for temperature equilibrium, the gas mixture was added in the manner stated above. A fresh sample of the stock suspension was withdrawn for each O2-N2 mixture.
By trial it was found that 9 gin. (wet weight) of yeast suspended in 100 ml. of buffer mixture gave absorption bands of optimal density. Samples of each stock suspension were centrifuged for 7 rain. at a uniform high speed in calibrated Hopkins vaccine tubes; the density was then adjusted to 89 c.mm. of yeast cells per ml. of suspension by diluting with buffer.
The temperature of the suspension in the observation tube was determined by a thermocouple. The "hot" junction was permanently inserted in the bottom of the observation tube; the "cold" junction was kept in the thermostat. The temperature varied ±0.1°C. (A.D.) during observations at any one 03 tension and sometimes as much as +0.3°C. during a series of O~-N2 mixtures.
IIl
The data are presented in Fig. 1 ; reduction time is plotted against partial pressure of O2 (corrected for vapor pressure). A linear relation described by the equation, y = ax -b, was found at each of the six temperatures studied.
For similar experimental conditions, Keilin (1929) found that the time (t) for the appearance of the absorption bands of cytochrome was altered when the rate of O3 consumption (Qo,) of the same yeast suspension was experimentally modified, e.g. when the stores of substrate in the cell are reduced; or when the cells are held at 52°C. for 1 hour. All comparisons were made at the same O3 tension and the same temperature. For these experiments Keilin (1929) found that the product Qo, × t was constant. His results may be described by the expression, Qo2t = A, where the constant A then refers to the total amount of 02 consumed during time t.
It was first assumed that A was equal to the amount of dissolved 02 in the yeast suspension at the end of the equilibrating period, i.e. A P:
-----760 av, where P2 = the partial pressure of 03 in the gas mixture; The values of O2 tension of the points represented by half circles were computed from a calculated value of the 02 content of a gas mixture which escaped from its cylinder before the analysis was made. For this calculation the following values were substituted in equation (2): the average reduction time obtained in experiments with the unknown gas mixture, the critical O2 pressure for the series (P0, and the calculated value of Qo2 for the series. Since the total pressure in the tonometer was also known for each series the per cent content of O~ could then be readily calculated. the temperature ~ existing during the determinations of t; v --the total volume of yeast suspension used; 760 --normal pressure. (The Temperature corrections were taken from the data of Bohr and Bock in Landolt, H., and BSrnstein, R., Physikalisch-chemische Tabellen, Berlin, Julius value, 760, is inserted for convenience in calculating the value of at P2.) However, after the results were obtained and plotted as in Fig. 1 , it was seen that the above expression did not hold for all conditions of temperature and 02 pressure. In Fig. 1 it is seen that for each temperature the lines relating t to p when prolonged do not go through the origin; the lines intercept the x-axis yielding values (pl) which increase with temperature. The volume of 02 remaining in P~ solution at p~ ---7--6-6 av. Therefore, at each temperature A must be equal to P2 -Pi 760 equation as,
We may now write the general form of the P2 --Pt
By transposing Qo, in equation (2) it is seen that the time for the appearance of the absorption bands of cytochrome (reduction time, t) is inversely proportional to the rate of O, consumption of the yeast suspension and that t is a measure of the time required by the yeast cells to remove, through their respiratory activity, the amount of O, represented by the expression P2 -Pl 76~ ~v. Since Qo, remained constant (of. discussion below) and pl remained constant during a series of O, tensions at constant temperature (cf. Fig. 1 ) it follows from equation (2) that the reduction time must increase with increasing total amounts of dissolved oxygen and the relation between reduction time and O, tension must therefore be linear. Shibata and Tamiya (1930) reported a linear relation between t and per cent 02 at a single temperature. The equation which they give cannot be used for computations of the sort undertaken in this paper. Under our experimental conditions, where the yeast suspension is contained within a closed space during determination of reduction time, the cytochrome within the yeast cell apparently acts as a Springer, 3rd edition, 1905, 599. Values of a may differ as much as 2 per cent depending upon the source from which they are taken. The precision of our method of measuring 02 consumption by use of equation (2) signalllng-device; absorption bands are seen when the 02 tension is reduced below a certain pressure, Pl. Shibata and Tamiya (1930) have already shown that at or below a certain critical oxygen pressure absorption bands of cytochrome do not disappear when the yeast suspension is shaken with gas mixtures whose 02 content is at or below this critical pressure. They also report that the critical pressure varies with temperature: at 37°C. the absorption bands remained in the presence of 9 per cent O2, at 1-2°C. in the presence of 1.5 per cent 02. In Fig. 1 it is seen that the value of the limiting pressure (the x-axis intercept, pl) also increases directly with temperature.
Critical oxygen pressures are usually encountered in studies on the relation of 02 tension to the rate of 02 consumption. It has been shown/or yeast and many other organisms that their rate of 02 uptake is unaffected by tensions of O2 above definite critical values (cf. Tang, 1933) . Below the critical pressure the rate of 02 consumption varies rapidly with 02 pressure, yielding a hyperbolic relation. The value of the critical pressure changes with temperature in the manner indicated above (cf. Tang, 1933 , for a review of these matters).
If Pl is not identical with the critical 02 pressure found in the
Qo-O2-tension relation but occurs at some tension below the critical pressure, then equation (2) is not quite correct without the addition of a constant. However, p~ cannot be very far away from the critical pressure since it is seen in Table I that the calculated values of Qo, obtained from equation (2) agree fairy well with manometric measurements of Qo,: average per cent difference = 6.6. Thus, as a first approximation, equation (2) is sufficiently adequate for our purpose. This whole question will be investigated by a more accurate method.
In using equation (2) for any calculation it is, of course, important that Qo, remains constant during determinations of reduction time at any one 02 tension and during a series of 02 pressures. The rate of 02 consumption of the stock suspension was measured manometrically and was found to remain constant during the total time required to traverse each series of 02 tensions presented in Fig. 
(cf. also Stier, 1932-33).
It follows from the above considerations that the time for the appearance of the absorption bands of cytochrome as determined by the experimental procedure of Keilin (1925) and Shibata and Tamiya (1930) is not a measure of the "rate of reduction" of cytochrome, i.e. is not a measure of the velocity of the reaction, oxidized cy~ reduced cy Keilin (1925) ; or cy 02~cy (a deoxygenation, according to Shibata and Tamiya, 1930) . Measurements of the velocity of reduction are difficult since one is dealing with a reversible system where the presence of an 02 tension above the critical pressure maintains the cytochrome in the fully oxidized form and where reduction of the oxidized cytochrome is being continually brought about by the dehydrogenase-substrate systems of the cell. Determinations of velocity constants for the reduction of cytochrome C in the intact yeast cell are given in a preliminary report by Warburg (1934) . In these experiments reoxidation of cytochrome was prevented .by quickly adding KCN to the oxygenated suspension; the formation of reduced cytochrome was followed by photoelectric measurements of the density of absorption at 550 rag.
IV
Calculations of the rates of O2 consumption (Qo,) can be readily made by using equation (2) and the data presented in Fig. 1 . In Table I these values of Qo~ are compared with those obtained by a manometric method.
A further test of the reliability of the Qo, values calculated from measurements of the reduction time of cytochrome can be made by ascertaining their mathematical relationship to temperature and then comparing the constants in the equation with those found for the manometric series of Qo, determinations. Choosing, for example, the Arrhenius equation,
the same values of the constant/z, should be obtained for both series * In the Arrhenius equation, kl and k2 are velocity constants (or figures proportional thereto) at the absolute temperature /'1 and T~; e is the base of natural logarithms, R is the gas constant, and g is a constant with the dimensions of calories per gram molecule.
of Qo, values. Unfortunately, the data are not numerous enough to make a conclusive comparison. In Fig. 2 , rates of O2 uptake determined by the cytochrome method are plotted against °C. The experimental data plotted in Fig. 2 are fitted by the Arrhenius formula with g = 19,600, between 8.4 and 16.2°C. and/z = 13,600 between 18.6 and 25.0°C. (cf. legend of Fig. 2 for details about the reliability (-)10.7 (-)7.7
Av. 6.6 per cent * Qo, ffi c. ram. 02 / 10 min./ml, yeast ceils. The determinations of Qo, by these two methods were made within two months of each other on the same strain of yeast. Manometric Qo, values for the lower temperatures (8 to 14°C.) were taken from the series, "February 13" and for the upper temperatures (16 to 25°C.) from the series, "March 11" (cf. Stier, 1932-33, Fig. 2) . AU values of Qo, in Table I are at N. T. P.
The percentage deviation from the mean of a single determination was 4-4.5 per cent for the February 13 series and 4-5.0 per cent for the March 11 series. The average difference between the two sets of (2o, values reported in Table I is not significantly greater than the experimental error of the methods used in determining these values of Qo,. We hope to increase the accuracy of each method and then make further tests of the reliability of the cytochrome absorption band method of measuring 02 consumption.
of these values of /z). For the same strain of yeast manometric determinations gave average values of the constant # as follows: for the range 30 to 15°C., # = 12,400; 15 to 30°C., g = 19,500 (cf. Stier, 1932-33) .
The above tests of reliability of the values of Qo, calculated from measurements of the reduction time of cytochrome give additional proof that equation (2) may be used to describe the behavior of cytochrome under our experimental conditions. Under these conditions cytochrome acts as a convenient signalling-device showing absorption bands when the O2 tension within the suspension is reduced to, or below, certain low O2 pressures. This property of cytochrome can be utilized for rapid determinations of the rate of 02 consumption of microorganisms containing this pigment. The accuracy of the method, in the form used in these experiments, is somewhat less than that obtained by the best manometric method. The chief difficulty, at the moment, lies in the visual method of judging the end-point of the reduction process. In future experiments it is hoped to increase both the accuracy and the speed of determining Qo, by substituting a photoelectric detector, photographic recording, and sources of monochromatic light for the simple spectroscopic procedure employed in the experiments reported here. With these refinements it should be possible to determine rates of 02 consumption within 1 minute, or even less. This speed of making single determinations of Qo, should be useful in the investigation of certain problems in the metabolism of microorganisms where the rate of 02 uptake changes so rapidly with time that the slowness of the manometric method introduces large errors in the determinations of Qo, and in the analysis of the time course of the changes.
SUMMARY
The time for the appearance of the cytochrome C absorption band after shaking a suspension of bakers' yeast with various O~-N2 mixtures was determined at each of six temperatures. At each temperature a linear relation between this interval--called the reduction time--and O2 tension was found. It was shown:
1. That under our experimental conditions, absorption bands of cytoehrome were seen when the O2 tension of the suspension was reduced to, or below, a certain pressure which was found to be specific for each temperature (this pressure is provisionally considered to be identical with or very near to the "critical 02 tension" usually found in Qo,-02-tension relationships); 2. That the x-axis intercept obtained from the reduction time -02-tensio~ plot gives the value of the "critical" 02 pressure at each temperature; 3. That the O~ tension within the suspension is reduced by the respiratory activity of the yeast cells.
An equation describing these observations is given and is used in calculating rates of 02 consumption from measurements of reduction time of cytochrome. The average difference between the calculated values and the manometric measurements of Qo, was found to be 6.6 per cent. A rapid optical method of measuring rates of 02 consumption based on the findings of these experiments is proposed for use with cytochrome-contalning microorganisms.
